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The ®rst wave of coat hair development is initiated
around embryonic day 14 in the mouse. Whereas
ectodysplasin and ectodermal dysplasia receptor,
tumor necrosis factor and tumor necrosis factor
receptor family molecules, respectively, were identi-
®ed to be signals triggering this process, not much
was known regarding their downstream molecular
targets. In this report, we show that mucosal addres-
sin cell adhesion molecule 1 and intercellular adhe-
sion molecule 1 are induced in the keratinocytes
of the hair placode as a direct consequence of ecto-
dermal dysplasia receptor signal, and tumor-necro-
sis-factor-receptor-associated factor 6 is involved in
this mucosal addressin cell adhesion molecule 1
expression. Experiments using an in vitro culture of
skin fragments demonstrated that ectodermal-dyspla-
sia-receptor-induced mucosal addressin cell adhesion
molecule 1 expression occurs at the initial phase of
follicle development before involvement of Sonic
hedgehog signal. Follicle development in this culture
was also suppressed to some extent, though not
completely, by addition of soluble mucosal addressin
cell adhesion molecule 1/IgG-Fc chimeric protein,
whereas monoclonal antibody that can inhibit muco-
sal addressin cell adhesion molecule 1 interaction
with integrin a4b7 had no effect on this process.
These results demonstrated for the ®rst time that the
structural proteins, mucosal addressin cell adhesion
molecule 1 and intercellular adhesion molecule 1, are
induced by ectodermal dysplasia receptor signal and
suggested the potential involvement of mucosal
addressin cell adhesion molecule 1 in the morpho-
genesis of follicular keratinocytes. Key words: Edar/
hypohidrotic ectodermal dysplasia/keratinocyte/tumor necro-
sis factor. J Invest Dermatol 119:632±638, 2002
I
t is well established that mammalian hair follicle and avian
feather formation are regulated by a set of signals such as
bone morphogenetic proteins, Sonic hedgehog (Shh),
®broblast growth factors (FGFs), Wnt, and Notch that
appear successively during organogenesis of hair follicles as
well as that of other organs (for reviews see Oro and Scott, 1998;
Barsh, 1999). From histologic observations, it was proposed that
hair follicle formation is initiated when underlying mesenchymal
cells trigger commitment of the overlying epidermis to form the
placodes (Hardy, 1992; Oro and Scott, 1998). Concerning feather
development, it has been shown that FGFs and bone morpho-
genetic proteins are involved in the initial process, as positive and
negative regulators, respectively (Song et al, 1996; Jung et al, 1998),
followed by a subsequent fate speci®cation process involving
Notch/Delta signals (Artavanis-Tsakonas and Simpson, 1991;
Crowe et al, 1998). Likewise, Notch has been implicated in hair
placode development (Powell et al, 1998). Recent studies showed
that conditional deletion of the b-catenin gene from the epidermis
resulted in defects in the formation of the hair placode (Huelsken
et al, 2001). Moreover, mice lacking the LEF-1 gene displayed
reduction in coat hair number and complete lack of whiskers (van
Genderen et al, 1994). As b-catenin and LEF-1 have been
implicated downstream of Wnt signaling, these results indicate a
role for Wnt signals in the initial phase of hair follicle development.
Shh, another important signal that is involved repeatedly in many
organogenesis processes (Ekker et al, 1995; Hardy et al, 1995;
Tanabe et al, 1995), is implicated in the subsequent processes of hair
follicle development after placode formation, particularly in
elongation (St-Jacques et al, 1998; Chiang et al, 1999). Despite
this increasing list of molecules regulating hair follicle development,
the nature of the initiating signal has remained elusive.
Hypohidrotic (anhidrotic) ectodermal dysplasia [HED (EDA)]
stands for a syndrome characterized by hypoplastic development in
ectodermal organs including teeth, hair, and sweat glands and is
composed of X-linked, autosomal recessive and variant forms. After
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the identi®cation of the gene responsible for X-linked HED (Kere
et al, 1996), called EDA, the corresponding mouse gene was cloned
and found to be allelic to the tabby (Ta) locus (Srivastava et al,
1997). From the deduced amino acid sequence, the Ta protein and
EDA product, ectodysplasin (Eda), were identi®ed as tumor
necrosis factor (TNF) family members (Ezer et al, 1999; Mikkola
et al, 1999). In complete agreement with this, subsequent cloning of
the gene responsible for downless (dL), which shares a phenotype
identical to tabby mice, revealed that the dL gene encodes a novel
TNF receptor (TNFR) called Edar (for ectodermal dysplasia
receptor) (Headon and Overbeek, 1999). The tabby and downless
mice (Eda-null and Edar-null mice, respectively) lack primary coat
hair follicles (called guard hair or monotrich) and sweat glands and
exhibit teeth abnormalities. As the human homolog of dL was
shown to be mutated in patients with an autosomal recessive form
of HED (Monreal et al, 1999), whose phenotype is indistinguish-
able from X-linked HED, this suggested that Eda and Edar might
act as a ligand and a receptor, respectively, in hair development.
Eda and Edar were shown to interact in vitro (Tucker et al, 2000;
Yan et al, 2000) and subsequent studies investigating the relation-
ship between this and other factors strongly suggested Eda/Edar to
be the most upstream signal in hair follicle development (Huelsken
et al, 2001).
TNF family molecules have been studied most extensively in the
context of in¯ammation and lympho-hematopoietic organogenesis.
In these settings, the most common outcome induced by this class
of signals is expression of cell adhesion molecules (CAM). TNF and
lymphotoxin have been shown to induce expression of vascular cell
adhesion molecule 1 (VCAM-1), intercellular adhesion molecule 1
(ICAM-1), and mucosal addressin cell adhesion molecules
(MAdCAM-1) in mesenchymal and endothelial cell populations
(Cuff et al, 1998; 1999). These CAMs have been thought to play a
role in maintaining a speci®c set of hematopoietic cells in the
CAM-positive regions, which might be an important step for
regulation of cell migration in in¯ammation. Whether CAMs play
roles in organogenesis is unclear, however.
In this study, we report that two CAMs, MAdCAM-1 and
ICAM-1, are induced in hair follicle buds at embryonic day (E)
14±16 and appear to be downstream of Eda/Edar signaling. Using
MAdCAM-1 as an indicator, we succeeded in reproducing this
Eda/Edar induced process in an organ culture system. Our organ
culture results suggest a role for MAdCAM-1 during hair follicle
development.
MATERIALS AND METHODS
Mice C57BL/6 mice and tabby mice (B6CBAa-Aw-J/A-Ta/O) were
purchased (Nihon SLC, Hamamtsu, Japan, and Jackson Laboratory, Bar
Harbor, ME, respectively); downless mice (dLJ/dLJ) were kindly provided
by Dr. Paul A. Overbeek (Baylor College of Medicine, Texas). TRAF6-
de®cient (TRAF6±/±) mice were as described previously (Naito et al,
1999). Matings were conducted overnight, and noon of the day when
vaginal plugs were observed was designated as E0.5. All animal
procedures described in this study were performed in accordance with
the guidelines for animal experiments at Kyoto University Graduate
School of Medicine.
Materials Antibodies for MAdCAM-1 (MECA-367, MECA-89),
ICAM-1 (3E2), and VCAM-1 (429/MVCAM.A) were purchased (BD
Pharmingen, San Diego, CA). For immunostaining of MAdCAM-1,
MECA-367 was used as a primary antibody. Epidermal growth factor
(EGF) was purchased (Sigma Aldrich, St. Louis, MO) and cyclopamine
was kindly provided by William Gaf®eld (Department of Agriculture,
Albany, CA). The rat MAdCAM-1/human IgG-Fc chimeric protein
(MAdCAM-1-Ig) was produced and puri®ed as previously described
(Iizuka et al, 2000). The organization of rat MAdCAM-1 gene is very
similar to that of mouse, with an amino acid identity of 80.5% (Iizuka et
al, 1998); this MAdCAM-1-Ig can bind to mouse lymphoid cells in vitro,
binds to integrin a4b7, and lacks L-selectin-reactive carbohydrates
(Iizuka et al, 2000). Human IgG-Fc fragment (ChromPure; Jackson
ImmunoReserach Laboratories, West Grove, PA) was used as a control.
Skin organ culture The organ culture system was adapted from
Kashiwagi et al (1997). In brief, skin specimens were prepared from the
dorsal coat of E13±13.5 embryos and spread epidermal side up onto a
Nuclepore polycarbonate Track Etch Membrane (Nuclepore Europe,
Whatman International, U.K.) coated with growth factor reduced
Matrigel (Becton Dickinson Biosciences, Bedford, MA). The tissue
pieces were incubated at the air±liquid interface, ¯oating on 2 ml of
Dulbecco's modi®ed Eagle's medium (Gibco BRL, Grand Island, NY)
supplemented with 1% fetal bovine serum, 50 U per ml penicillin, and
50 mg per ml streptomycin, in 35 mm plastic culture dishes with 5%
CO2 at 37°C. EGF, cyclopamine, MAdCAM-1-Ig, and human IgG-Fc
were added directly to the culture medium.
Histology and immunohistochemistry For whole-mount immuno-
staining, the embryos and organ culture explants were ®xed in 2%
paraformaldehyde (pH 7.4) (microwaved for 20 s at 600 W and kept on
ice for 30 min), and then processed as previously described (Adachi et al,
1997). In brief, specimens were washed in phosphate-buffered saline
(PBS) after ®xation, serially dehydrated with methanol, blocked for
intrinsic peroxidase activities in 0.3% H2O2, and rehydrated. After
incubation with PBS-MT (1% skim milk, 0.1% Triton X-100 in PBS) to
inhibit nonspeci®c binding, specimens were incubated with primary
antibodies overnight and washed in PBS-T (0.1% Triton X-100 in PBS).
After incubation with horseradish peroxidase (HRP) conjugated
secondary reagents, color reactions were carried out with
diaminobenzidine and nickel chloride. Stained explants and embryos
were embedded in polyesterwax and sections (7 mm) were counterstained
with hematoxylin and eosin as needed. For cryosections used for
immunostaining, embryos ®xed in 2% paraformaldehyde were washed in
PBS, embedded in OCT compound, and then snap frozen in liquid
nitrogen. Cryostat sections (7±10 mm) were washed in PBS and intrinsic
peroxidase activity was blocked by treatment in methanol with 0.3%
H2O2 on ice for 10 min, followed by PBS washes. After blocking with
PBS-MT, slides were incubated with primary antibodies overnight at
room temperature and washed in PBS-T. After incubation with HRP-
conjugated secondary reagents, color reaction was performed as
mentioned above. For quantifying the lengths and numbers of hair buds,
those sectioned longitudinally were photographed and their lengths and
numbers were estimated on prints.
RESULTS
MAdCAM-1 is expressed in primary hair buds As Edar is
expressed speci®cally in the fraction of epidermal cells that are
committed to follicular keratinocytes at the beginning of hair
morphogenesis (Headon and Overbeek, 1999), CAMs are expected
to be expressed in the same region at the same stage, if they are
induced by this signal. To test this possibility, we carried out
whole-mount immunostaining of E14.5 embryos with monoclonal
antibodies (mAbs) to VCAM-1, ICAM-1, or MAdCAM-1.
Although we could not detect VCAM-1 expression in
embryonic skin at this stage, spots expressing MAdCAM-1 or
ICAM-1 were detected over almost the entire body of the embryo
(Fig 1A±C). Among these CAMs, ICAM-1 was expressed in hair
buds, as well as weakly in the surrounding epidermis (Fig 1A). In
contrast, MAdCAM-1 expression was restricted in hair buds at
E14.5 (Fig 1B), which resembles Edar expression at this stage
(Headon and Overbeek, 1999). These patterns suggest that
MAdCAM-1 expression correlates more with that of Edar,
whereas ICAM-1 expression might be in¯uenced by other
signals. We thus chose MAdCAM-1 expression as a marker for
correlation with Edar signals.
To determine the timing of MAdCAM-1 expression, we
examined embryos from E12.5 to E16.5 (Fig 2, and data not
shown). At E12.5, MAdCAM-1 expression was found only in the
nasal area where the earliest hair follicles, vibrissa, develop
(Fig 2A). The next MAdCAM-1-positive region observed was
eyelids at E13.5 (Fig 2B). At E14.5, MAdCAM-1-positive spots
appeared over a wide area of the epidermis (Fig 2C). Initially, the
MAdCAM-1-positive area appeared homogeneous within hair
buds, but it condensed rapidly and became concentrated in the
central region of the hair follicle (Fig 2D). By E16.5, however,
MAdCAM-1 expression could no longer be detected in skin by
whole-mount immunostaining (data not shown).
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In mouse coat hair development, it has been known that the
primary hair follicle (guard hair) develops at around E14 and the
secondary hair follicle (nonguard hair, such as awl, auchen, and
zigzag) develops at E17±19. So, to see whether or not MAdCAM-1
is expressed in secondary hair follicles, and to con®rm the
disappearance of MAdCAM-1 expression from developing follicles,
which is observed in the results of whole-mount immunostaining,
the immunostaining of cryostat sections was performed. Outside of
vibrissa, MAdCAM-1 was detected in cryostat sections of hair
placodes in E14.5±15.5 embryos, and also in newly formed hair
placodes at E16.5, but not in hair placodes at E17.5±18.5 nor in
elongating hair follicles at E16.5±18.5 (data not shown).
MAdCAM-1 expression is regulated by Eda/Edar signaling
and requires TNFR-associated factor 6 (TRAF6) In order to
investigate whether or not MAdCAM-1 is induced directly by
Edar, MAdCAM-1 expression in the embryonic keratinocytes of
downless (Edar-null) and tabby (Eda-null) mice was investigated. As
we expected, no MAdCAM-1 expression was detected in
the embryonic skin of these mice at any stage including E14.5
or E15.5 (Fig 3A, B), and Eda/Edar-independent hair follicles
develop normally in these mice. These results demonstrate that
MAdCAM-1 is induced speci®cally in Eda/Edar-dependent
follicles, but not in follicles controlled by other signals.
TRAF is a molecule that is involved in signal transmission of a
number of TNF family molecules (for reviews see Inoue et al, 2000;
Bradley and Pober, 2001). TRAF6±/± mice share some character-
istics with downless and tabby mice, including a bald patch behind
the ear and a kinky tail, and they show defects in guard hair, sweat
glands, and teeth (Naito et al, unpublished data). This suggests
strongly that TRAF6 is involved in transmitting the Eda/Edar
signal. To test this possibility, we investigated the MAdCAM-1
expression in TRAF6±/± mice. As shown in Fig 3, MAdCAM-1
expression could not be detected in embryonic skin of TRAF6±/±
mice (Fig 3C), whereas TRAF6+/± mice had levels of MAdCAM-
1 expression comparable with C57BL/6 (Figs 1B, 3D).
Expression of MAdCAM-1 is reproduced in vitro and
unaffected by Shh inhibitor To further dissect the process of
Eda/Edar-induced hair follicle development, we adopted the skin
organ culture system developed by Kashiwagi et al (1997) to
investigate whether MAdCAM-1 expression at the initial phase of
follicular development is reproduced in vitro. As it has been shown
that EGF inhibits the induction phase of follicular development
Figure 3. The expression of MAdCAM-1 in
embryonic skin is inhibited in tabby,
downless, and TRAF6-de®cient (TRAF6±/±)
mice. Whole-mount immunostaining analysis of
E14.5 tabby (A), E15.5 downless (B), and E14.5
TRAF6±/± (C), and TRAF6+/± (D) with mAb
against MAdCAM-1. Whereas MAdCAM-1-
positive spots are detected in TRAF6+/± mice,
these spots are not detected in tabby, downless, or
TRAF6±/± mice. Scale bar: 1 mm.
Figure 2. Expression of MAdCAM-1 in
C57BL/6 embryonic skin. Whole-mount
immunostaining analysis of E12.5 (A), E13.5 (B),
E14.5 (C), and E15.5 (D) C57BL6 embryos with
mAb against MAdCAM-1. The insets show
MAdCAM-1 expression in whiskers (A), eyelids
and whiskers (B), and in the spots consistent with
hair placodes (C, D). Scale bar: 650 mm (A, B).
Scale bar: 1 mm (C, D).
Figure 1. Expression of ICAM-1, MAdCAM-
1, and VCAM-1 in mouse embryonic skin.
Whole-mount immunostaining of E14.5 C57BL/
6 embryos with mAbs against ICAM-1 (A),
MAdCAM-1 (B), and VCAM-1 (C). The insets
are included to show the histology of the ICAM-
1 (A) and MAdCAM-1 (B) positive cells. ICAM-
1 is expressed in hair buds, as well as weakly in
the surrounding epidermis. MAdCAM-1
expression is restricted to hair buds. VCAM-1
expression is not detected by this method.
Arrowheads indicate the expression of each
molecule. Scale bar: 50 mm.
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(Iizuka et al, 1998) and that cyclopamine, an inhibitor of Shh signal
(Incardona et al, 1998), can inhibit the late phase of follicular
development (Jordan and Jackson, 2000), we used these two
inhibitors for determining the chronologic relationship of Eda/
Edar-induced signals during the process of hair follicle development
in vitro. Skin fragments of E13±13.5 embryos were dissected and
cultured (Fig 4A). After 24 h cultivation, the fragments were ®xed
and stained by monoclonal antibody to MAdCAM-1. Expression
of MAdCAM-1 in the hair placodes was observed in vitro as occurs
in the embryo (Fig 4B). In vitro induction of MAdCAM-1 in the
hair placode was not inhibited by cyclopamine, which inhibits the
Shh-dependent late phase of follicle development (Fig 4D).
Addition of EGF in the culture, however, completely inhibited
this MAdCAM-1 expression in skin (Fig 4C). Thus, Eda/Edar-
induced events occur at the early phase of hair follicle development.
MAdCAM-1-Ig chimeric protein decreased the number
and length of hair follicles in embryonic skin
cultures MAdCAM-1 is a multidomain cell adhesion molecule,
comprising two N-terminal Ig domains and the membrane
proximal mucin domain. The N-terminal Ig domains 1 and 2,
which are recognized by mAbs MECA-367 and MECA-89,
respectively (Berlin et al, 1993; Streeter et al, 1988a), are both
required for ef®cient binding of MAdCAM-1 to its lymphocyte
counter-receptor, integrin a4b7 (Briskin et al, 1996). The mucin
domain of MAdCAM-1 can be modi®ed by L-selectin-binding
carbohydrates that are recognized by mAb MECA-79 when
MAdCAM-1 is expressed in high endothelial venule cells
(Hemmerich et al, 1994; Streeter et al, 1988b). We found by
immunohistochemistry that developing hair follicles are reactive
with mAbs MECA-367 and MECA-89 but not MECA-79 (data
not shown), indicating that epidermal MAdCAM-1 contains the
two N-terminal Ig domains and lacks L-selectin-binding
carbohydrates.
Given that MAdCAM-1 is induced in the earliest hair placode,
the next important question is whether or not MAdCAM-1 plays
any roles in hair follicle development. To address this issue, we next
investigated the effects of neutralizing anti-MAdCAM-1 mAb and
MAdCAM-1-Ig on hair follicle development in vitro in comparison
with those of EGF and cyclopamine. After 72 h cultivation of
embryonic skin fragments, involuting hair follicle buds were seen in
the control specimens (Fig 5A), which are similar to those at
E16±16.5 in vivo except for the thickening epidermis (Iizuka et al,
1998). As reported, EGF almost completely inhibited hair follicle
development (Fig 5B), and cyclopamine inhibited this process at
later stages after formation of hair follicle buds (Fig 5D). mAb
MECA-367, which inhibits MAdCAM-1 binding to integrin
a4b7, did not signi®cantly affect the hair follicle development
process in vitro (Fig 5C) even in the presence of another anti-
MAdCAM-1 mAb MECA-89. In accordance with this observa-
tion, no integrin a4b7-expressing cells were detected in the
epidermis and dermis by immunohistochemistry (data not shown).
Figure 4. The expression of MAdCAM-1 in
embryonic skin is reproduced in skin organ
culture. The back skin of E13±13.5 embryos, in
which MAdCAM-1 was not yet expressed, was
harvested and cultured ¯oating on Dulbecco's
modi®ed Eagle's medium/1% fetal bovine serum
(A, and see Materials and Methods). Dotted lines
denote the areas from which skin was excised.
These skin specimens were cultured for 24 h (B,
control), with EGF (100 ng per ml, C), or with
cyclopamine (2 mM, D), and then subjected to
whole-mount immunostaining with mAb against
MAdCAM-1. EGF inhibits the MAdCAM-1
expression, whereas cyclopamine does not affect
this process. Scale bar: 1 mm.
Figure 5. Histologic analysis of cultured
embryonic skin. Skin specimens taken from
E13±13.5 embryos were cultured for 72 h
without added factors (A, control) or with EGF
(100 ng per ml, B), a mixture of MECA-89 and
MECA-367 (50 mg per ml, respectively, C),
cyclopamine (2 mM, D), control IgG-Fc (50 mg
per ml, E), or MAdCAM-1-Ig (50 mg per ml, F),
and then subjected to histologic analysis. EGF
completely inhibits the hair follicle induction.
Cyclopamine-treated skin shows only the hair
placode-like structure. MAdCAM-1-Ig-treated
skin shows the hair placode-like structure.
Polyesterwax-embedded specimens were sectioned
at 7 mm and stained with hematoxylin and eosin.
Scale bar: 100 mm.
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If the extracellular portion of MAdCAM-1 were functionally
involved in primary hair follicle development, the soluble form of
MAdCAM-1 may interfere with this pathway. To test this
possibility, MAdCAM-1-Ig was directly added to the skin organ
culture. Interestingly, exogenously added MAdCAM-1-Ig attenu-
ated hair follicle development in the skin organ culture system
(Fig 5F). Human IgG-Fc was used as a control to this chimeric
protein and it did not affect the hair follicle development (Fig 5E).
As summarized in Fig 6, MAdCAM-1-Ig decreased the density
of follicles per unit space, and reduced the average length of follicles
in the culture in a dose-dependent manner. These results
collectively suggest potential involvement of MAdCAM-1 in hair
follicle development by mechanisms distinct from what has been
shown already in hematopoietic±endothelial cell interaction.
DISCUSSION
The initial aim of this study was to investigate downstream factors
in Edar signaling during hair follicle development. Edar is a TNF
family molecule that is expressed in epidermal keratinocytes, and
provides a unique opportunity for investigating the outcome of this
class of signal in the context of keratinocytes.
In in¯ammation, CAMs and various chemokines are represen-
tative of molecules induced by TNFR signals (Paul and Seder,
1994; Sacca et al, 1997). Indeed, we could show that both ICAM-1
and MAdCAM-1 but not VCAM-1 are induced in keratinocytes
only when Edar signaling is active. As the spatiotemporal
expression pattern of these CAMs, especially that of MAdCAM-
1, was almost identical to that of Edar during the primary hair
developmental period, it is likely that expression of these CAMs is
the direct outcome of stimulation by Edar. This result indicates that
the basic machinery available in keratinocytes for TNF family signal
transduction is similar to that of ®broblasts and endothelial cells.
Two classes of molecules, TRAF family and nuclear factor kB
(NF-kB)/rel family molecules, have been implicated downstream
to TNFR signaling. With regard to keratinocytes and Edar, recent
studies demonstrated that inhibitors of NF-kB (IkB) and IkB kinase
g (IKK-g) (NEMO) are involved in the activation of NF-kB
downstream of Edar signaling (Zonana et al, 2000; Dof®nger et al,
2001; Schmidt-Ullrich et al, 2001). It has been indicated that
TRAF family molecules are required for transmitting TNFR
signals to the IKK/NF-kB pathway. To date, TRAF2, TRAF5,
and TRAF6 have been shown to be able to activate the NF-kB
signal (for review see Inoue et al, 2000). Using MAdCAM-1
expression as an indicator of Edar stimulation, we identi®ed
TRAF6 as a potential downstream molecule transmitting Edar
signals to the IKK/NF-kB pathway. In fact, TRAF6±/± mice share
hair defects identical to the downless (Edar-null) mice (Naito et al,
unpublished data). TRAF6 and IKK/NF-kB have already been
implicated in CD40, osteoprotegerin ligand, and IL-1 signaling of
hematopoietic cells (Lomaga et al, 1999; Naito et al, 1999). As
MAdCAM-1 and ICAM-1 have been known to be activated by
NF-kB, our study suggests that Eda signal may be transmitted
sequentially from Edar, TRAF6, NEMO, IkB, and NF-kB to
activate transcription of MAdCAM-1. This notion is inconsistent
with recent studies, however, showing that Edar does not bind to
any known TRAF family molecules including TRAF6, though its
stimulation can trigger NF-kB activation (Yan et al, 2000; Kumar et
al, 2001).
The two longest forms of Eda, EDA-A1 and EDA-A2, differing
by only two amino acids in the extracellular domain, activate NF-
kB-mediated transcription by binding to distinct receptors, Edar
and X-linked EDA-A2 receptor (Xedar), respectively (Yan et al,
2000). Xedar was shown to be able to bind to TRAF1, TRAF3,
and TRAF6, and implicated in hair follicle development, though
®nal proof of its role requires gene knockout studies. If this is the
case, Xedar should function at the same time as Edar does, as
MAdCAM-1 expression that appears to be dependent on TRAF6
is expressed then. It has been shown, however, that expression of
Xedar starts at E16±17, distinctly later than the expression of
MAdCAM-1 in the hair placodes (Yan et al, 2000). In addition to
these results, recent transgenic studies have revealed that EDA-A1,
which can bind to Edar but not to Xedar, was suf®cient to rescue
the hair phenotype in tabby mice (Srivastava et al, 2001). Thus, it is
unlikely that Xedar is involved in TRAF6-dependent MAdCAM-
1 expression at E14. Recently, TROY, another TNFR family
molecule that is closely related to Edar, was cloned (Kojima et al,
2000). As TROY is expressed in the hair placode of E14 embryos
(data not shown), TROY might be the TRAF6 activator during
early follicle development. Alternatively, Edar is directly involved
in TRAF6 activation, but probably through collaboration with an
adaptor molecule. TRAF6 activation by IL-1 or nerve growth
factor has been known to require adaptor proteins (Inoue et al,
2000; Bradley and Pober, 2001). Indeed, the gene responsible for
the crinkled mutant that shows the same phenotype as tabby and
downless mice was shown to encode an adaptor protein with a death
domain (Headon et al, 2001; Yan et al, 2002). This adaptor,
Edaradd (for Edar-associated death domain) (Headon et al, 2001),
was shown to interact with the death domain of Edar, and with
TRAF1, TRAF2, and TRAF3. It has not been shown whether
Edaradd can interact with TRAF6.
Histologically, placode formation consists of epidermal cell shape
change from ¯at cuboidal to spheroidal and formation of multi-
layered aggregates of epidermal cells. Thus, the Edar signal should
induce a set of molecules involved in this morphogenesis. In
addition to keratin, keratinocytes have the potential to produce
cytokines and chemokines (Barker et al, 1991), and previous studies
demonstrated that NF-kB activation in adult keratinocytes resulted
in expression of these molecules (Goebeler et al, 1995). More
interestingly, Benoliel et al (1997) reported that migration of
keratinocytes is induced by NF-kB activation. Given that
Figure 6. MAdCAM-1-Ig decreases the number and length of
hair follicles in skin organ cultures in a dose-dependent manner.
Skin specimens taken from E13±13.5 embryos were cultured for 72 h
without factors (control) or with a mixture of MECA-89 and MECA-
367 (50 mg per ml, respectively), MAdCAM-1-Ig, and control IgG-Fc,
and then subjected to histologic analysis. (A) The length from the
basement membrane of epidermis to the tip of hair follicle buds was
measured. n = 50. (B) The number of hair follicle buds per 1 mm2. n =
25. Tissue sections were randomly selected from three independent
experiments and subjected to quantitative analysis. For quantitating the
number per square millimeter, the number of hair follicle buds was
counted on prints and squared to score. The results portrayed represent
the mean of the length and the number of hair follicles,
respectively, 6 SD. *Signi®cantly different from control, by Student's t
test, p < 0.001. **MAdCAM-1-Ig, mg per ml.
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activation of NF-kB is an outcome of Edar signaling, some of these
events may be induced by Edar activation. In this sense,
MAdCAM-1 and ICAM-1 would be the ®rst structural proteins
to be linked to Edar and TRAF6 signaling in the context of hair
follicle formation. To understand the molecular basis underlying
this morphogenic activity, it is important to know the molecules
induced by Edar signal. In this respect, our observation that surface
molecules such as MAdCAM-1 and ICAM-1 are induced specif-
ically in keratinocytes that are activated by Edar indicates the
potential to use those surface markers to sort keratinocytes in the
placode.
A question remaining is whether or not the CAMs induced by
Edar play a role in the induction of hair placodes. It has been
reported that, in normal postnatal mouse skin, ICAM-1 is expressed
regularly in endothelial cells and transiently in some selected
epidermal and follicular keratinocytes (Muller-Rover et al, 2000).
In catagen of the hair cycle, over 80% of keratinocytes constituting
outer root sheath are ICAM-1-positive and ICAM-1-de®cient
mice showed signi®cant catagen acceleration compared to wild-
type control (Muller-Rover et al, 2000). This suggested that
ICAM-1 might be implicated in catagen control. On the other
hand, during the wound healing process, ICAM-1 expression is
induced in keratinocytes located at the edges of the wound and
ICAM-1-de®cient mice show delays due to impairment of
keratinocyte migration (Nagaoka et al, 2000). Whereas the authors
of this paper ascribed the delay of wound healing in ICAM-1-
de®cient mice to the functional defect in endothelial cells, it is also
possible that ICAM-1 in keratinocytes contributes directly to
keratinocyte migration.
ICAM-1-de®cient and MAdCAM-1-de®cient mice, however,
do not show remarkable abnormalities in hair follicle development
(Sligh et al, 1993; Muller, personal communication). Moreover,
mice harboring K14-ICAM-1 and K14-MAdCAM-1 transgenes,
which express high levels of ICAM-1 and MAdCAM-1, respect-
ively, in keratinocytes, display no phenotype in hair follicle
development (Williams and Kupper, 1994; Nishioka, unpublished
data). Thus, ICAM-1 and MAdCAM-1 may not be requisite
molecules for the induction phase of hair placodes, but, as
mentioned above, might play important roles in the ability of
keratinocytes to compose speci®c structures.
Notwithstanding these negative results in genetically de®cient
mice, the MAdCAM-1 role in hair placode development is
detectable in the in vitro culture system. As expected, mAbs that can
block MAdCAM-1 interaction to its hematopoietic cell-speci®c
ligands showed no effect. MAdCAM-1-Ig decreased the length and
the number of hair follicles in vitro, however. As this inhibitory
effect appeared to be speci®c to MAdCAM-1-Ig, we believe that in
a setting such as skin organ culture the molecular redundancy may
be reduced to such a level that it allows us to discern the function of
MAdCAM-1. If this is the case, these data indicate the presence of
an as yet unidenti®ed ligand for MAdCAM-1 in keratinocytes.
In conclusion, this work identi®ed, for the ®rst time,
MAdCAM-1 and ICAM-1 as molecules that are induced as a
direct outcome of Edar signaling in keratinocytes and de®nes the
molecules that link Edar and expression of MAdCAM-1. Whereas
the role of those adhesion molecules in hair follicle development
remains to be investigated, these ®ndings provide clues for hair
placode puri®cation, as well as a valuable insight into the molecular
mechanisms regulating the morphogenic activity of follicular
keratinocytes.
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